The refractive index of water is precisely determined in the visible light range as a function of the pressure until 250 MPa by means of a new measurement device that uses a special pipe tee included in an interferometer set. This technique allows revisiting the Bradley-Tait and Sellmeier equations to make them dependent on the wavelength and the pressure, respectively. The Bradley-Tait equation for the pressure dependence of the water refractive index is completed by a wavelength-dependent factor. Also, in the considered pressure and wavelength ranges, it is shown that the Sellmeier coefficients can be straightforwardly linked to the pressure, allowing the determination of the refractive index of water for either any wavelength or pressure. A new simple model allows the determination of the density of water as a function of the measured refractive index. Finally, the polarizability of water as function of pressure and wavelength is calculated by means of the Lorentz-Lorenz equation.
I. INTRODUCTION
Refractive index of water has been carefully measured with many researchers for over a century. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Water is the most prevalent liquid on earth. The description of the propagation, reflection, and absorption of light in water requires the knowledge of the dependence of its refractive index as af u n c t i o no ft h ew a v e l e n g t hu n d e rd i f f e r e n tp h y s i c a l( b u t also chemical) conditions such as pressure or temperature. Mainly, optical experiments carried out in water are often used as references for other liquids. It is also worth noticing that the refractive index itself can be used as an in situ probe of other physical parameters of the liquid such as its density or pressure. Despite the interest of scientists in the optical properties of water, traditionally the refractive index is given separately as a function of wavelength at a given pressure and temperature or as a function of pressure in the visible range.
Many studies attempt to describe the dependence of the refractive index properties of water on physical parameters such as pressure and wavelength. However, the available physical models give only a partial description of these properties. While some studies focus on the influence of pressure at specific visible wavelengths near ambient temperature, [1] [2] [3] others emphasize the pressure dependence of the water refractive index for a given wavelength of the beam. The pressure range used in such experiments is moderate from atmospheric pressure up to a few hundred bars (<1000 bar, i.e., 100MPa). [4] [5] [6] Moreover, since the relationship between the density and pressure of a liquid is well known, the value of the density is generally obtained experimentally from pressure measurements. The three principal techniques are based on the Archimedes cylinder, the metal bellows, and the oscillating U-tube. 7, 8 However, in many industrial processes, for example, in the case of a liquid flow as well as in water transportation, it is often necessary to determine in situ either the pressure or the density of the liquid. Among various methods mainly based on mechanical or electrical sensors, optical methods are considered as good candidates for the implementation of such sensors. This is due to the fact that optical measurements are seen to be strongly advantageous because of both non-intrusive and non-disturbing large-scale (in situ) methods.
The famous Lorentz-Lorenz (LL) equation 9 links the density and the refractive index of a liquid using the polarizability. 10 Thus, the LL formula describes the physical properties of water for a given polarizability.
Other simple methods based on mathematical or physical approaches exist in the literature to determine the expression linking both the water (medium) refractive index and the wavelength of the crossing beam to the liquid pressure. The physical translation of the obtained experimental results is usually made by using in one hand the Sellmeier equations to obtain the wavelength dispersion of the refractive index. On the other hand, this mathematical translation is made using the Bradley-Tait equation to give the dependence of the refractive index on the pressure.
To our knowledge, no previous work has shown the wavelength dependence of the water refractive index in a range of pressure exceeding 100 MPa. A number of applications, such as waterjet techniques for cutting hard and/or thick materials, require higher working pressures as high as 250 MPa.
Our paper proposes a new measurement method and provides results beyond the present state of the art. Our new experimental setup includes a cell placed within one arm of a Michelson interferometer and allows determining the water refractive index as a function of both wavelength in the visible range and pressure from 1 to 250 MPa (2500 bars).
Additionally, we used the Bradley-Tait [11] [12] [13] [14] and Sellmeier 15 equations to link the water refractive index to the pressure and wavelength, respectively. We introduce pressure-dependant coefficients in the Sellmeier equation and wavelength-dependant coefficient in the Bradley-Tait equation. Finally, the density of the tested liquid (here water) is derived from the pressure measurements.
Our work addresses industrial applications by suggesting interferometry as a flexible method for in situ measurements of the refractive index of a liquid using a simple experimental setup. This may lead to a sensor for fast, non-intrusive, non-destructive, and accurate measurements of pressure and density of a static or flowing liquid.
II. EXPERIMENTAL PROCEDURE
We have designed and constructed a suitable highpressure liquid-cell which is introduced in a Michelson interferometer. The setup allows measuring the refractive index of liquids in the visible range as a function of the pressure which can be as high as 250 MPa. The setup is composed by two relatively independent parts. The first corresponds to the circuit of the liquid (here water) under test, the second to the optical interferometric arrangement, both parts are coupled in the liquid-cell. The setup is represented in Fig. 1 .Intheliquid circuit, water from the source at low pressure passes through aP e r m o6 0 0 0s o f t e n e rb e f o r eb e i n gp u tu n d e rp r e s s u r eb ya pump (KMT Streamline SL-IV 100D). The clean and filtered water under pressure is then channelled to the measurement system by a 1/4 in. tube, interrupted by two manual security gates. After the second gate, a transducer permits the measurement of the liquid pressure in real time with an accuracy of 2%.
The special liquid-cell consists of a stainless-steel body having a pipe-tee shape closed on the two opposite sides by two sapphire plano-plano windows, while the third entry is connected to the liquid circuit to complete the high-pressure flow part.
To measure the refractive index, the pipe tee is situated in the principal arm of a Michelson interferometer, with the sapphire windows perpendicular to the laser beam ( Fig. 1) . We have performed experiments with six different wavelengths; one emitted by a Nd:YVO 4 diode pump solid state laser at λ = 532 nm and the other by an adjustable He-Ne laser at λ = 543, 594, 604, 612, and 633 nm. Other optical components of the interferometer consist in a non-polarizing beam splitter, two metallic mirrors, and a plano-convex lens (f = 7m m )t oe n l a r g et h ef r i n g e so ft h ei n t e r f e r e n c ep a t t e r n on a screen at the output of the setup. The interferometer is properly aligned so that the output fringes have a clear regular shape.
Upon variation of the liquid pressure, the interference pattern moves on the screen. The output photodiode which is located at a fixed observation point allows counting the number of scrolled fringes.
The two main experimental parameters, i.e., the pressure and the number of scrolled fringes as well as the overall control of the procedure are recorded and monitored by a computer with a LabView R homemade virtual instrument. During all the experiment, the temperature is fixed at
At the beginning of the experimental process, the gates are open and the water pressure is increased until 250 MPa. Then, one of the two gates is closed and the pump is powered down so that only the water after the gate in the liquid cell remains under pressure, whereas the rest of the liquid circuit empties. This procedure (pump off) prevents additional perturbations, such as mechanical vibrations in the optical part during the measurement time. At this stage, the gate is opened to let a micro water discharge allowing a slow controlled decrease in water pressure inside the cell. The optical and control measurement system is switched on and the LabView R program records the number of fringes as a function of the pressure. The setup allows getting linear pressure variation from 250 MPa down to atmospheric pressure.
The change in the refractive index of the liquid is evaluated through the formula presented below in Eq. (1).Thisempiric equation is applicable to interferometric measurements only if the influence of the cell is negligible, i.e., if the shape of the cell remains quite constant when the pressure increases to 250 MPa.
At this stage, we have verified under high pressure the resistance of the components and the influence of the cell shape variation on the optical measurements. The first precaution consists in oversizing the thicknesses of both the cell walls and the sapphire discs. The second precaution consists in choosing the sapphire windows diameter as small as possible just letting the beam pass through the cell.
Another checks consisted in determining the optical influence of the cell on the measurements due to a possible dilatation, expansion of the cell chamber, or sapphire deformations when the pressure increases up to 250 MPa. For this purpose, a mirror is put in contact to the left sapphire disc in Fig. 1 .T h ef r i n g ed i s p l a c e m e n ti so b s e r v e dd u r i n gp r e ssure increase with the beam reflected by the additional mirror, thus sensing only the left window displacement. Since no movement of the fringes was observed, we can conclude that the geometry of the cell chamber remains constant and does not affect our measurements in the considered pressure range.
Considering the value of the refractive index of water at ambient temperature and pressure, n Pamb ,knownforallwavelengths from the UV up to the infrared, 10 the experimental relation between the refractive index n and the number Z of fringes passing at a fixed point is given as 16
where λ is the vacuum wavelength of the beam traversing the liquid through a thickness e.E q u a t i o n(1) allows the calculation of the refractive index for any pressure. Note that the factor 1/2 in the second term of Eq. (1) is due to the special Michelson interferometer configuration where the beam crosses the cell twice. Figure 2 shows the pressure dependence of the water refractive index for six wavelengths in the green/red spectral range. These data are obtained using the setup of Fig. 1 , Eq. (1),andthesinglereferencevaluesoftherefractiveindex at atmospheric pressure. 9, 10 It can be seen from Fig. 2 that the refractive index of water nonlinearly increases as a function of pressure, particularly at high pressures. This property of water, obtained from our measurements for various wavelengths, confirms the results of Vedam and Limsuwan 1 obtained at a fixed single wavelength of 583 nm. To fit our curves, and to benefit from previous published results, we consider the standard relationship k = n between the dielectric constant k and the refractive index n in a lossless medium. 17 Bradley and Pitzer 11 have proposed a simple but effective description of the pressure dependence of the dielectric constant based on the equation suggested by Tait in 1880 for volumetric data. 14 The Bradley-Pitzer equation takes the following form:
III. EXPERIMENTAL RESULTS AND DISCUSSION
where k (P = Pini) is the dielectric constant at a given reference pressure P ini , P is the measured pressure in MPa and a 0 and a 1 are two constant parameters that can be deduced by the experimental data. This equation was previously used to fit the dielectric data available from the International Association for the Properties of Water and Steam with accuracy better than 0.1% from atmospheric pressure up to some hundred MPa. 7 Equation (2) leads directly to the relation n = n 2 0 (λ) + a 0 ln
where P and a 1 are expressed in MPa. Note that the wavelength dependence of the refractive index appears in Eq. (3) only within the term n 0 and all other parameters are considered independent from the wavelength. The best fitting parameters for Eq. (3) are n 2 0 = n 2 P amb + 3.0516 × 10 −3 ± 10 −7 , a 0 = 0.1057 ± 10 −4 , a 1 = 341.5902 ± 10 −4 MPa, where the term n 2 (λ, P 0.1 MPa )istherefracti v einde xv alueat atmospheric pressure at given wavelength.
On the other hand, using the least-square method, we can fit the experimental data obtained for the refractive index at various pressures using Sellmeier dispersion formula of the form
with B i and C i being Sellmeier dispersion coefficients considered as pressure dependent.
We have evaluated the residual deviation between the values calculated by this dispersion formula and the measurement values with various fitting orders s in the Sellmeier relationship. These standard residuals deviations are found to be smaller than 5.4 × 10 −4 in our pressure range when considering a three-oscillator Sellmeier dispersion formula. This accuracy makes it possible to approximate the experimental results to the fourth decimal digit. The accuracy obtained in the present work is about the one obtained by the Bradley-Pitzer model to fit the refractive index of water. The evolution of the six dispersion coefficients of the three-oscillator Sellmeier equation with s = 3isgiveninFig.3.
The pressure dependence of the coefficients B i and C i in Eq. (4) can be reasonably described by a second-order J. Chem. Phys. 136,124201(2012 polynomial so that Eq. (4) can be rewritten as
where α i , β i ,a n dδ i on the one hand and the same capital Greek letters A i , B i ,a n d i on the other hand are the coefficients of the polynomials describing the B i and C i Sellmeier coefficients of Eq. (4),respectively.ThecoefficientsofEq. (5) are given in Table I .
IV. DISCUSSION
We can now compare the two models described above by Bradley-Pitzer and Sellmeier. In Fig. 4 ,thefitsoftheBradley-Pitzer and the Sellmeier models are shown for the two wavelengths 532 nm and 633 nm. A reasonable agreement between both models and the measurements can be observed.
As the fringes in the interference pattern present a good contrast, the error in the counting process is very small. However, we estimate the maximum level of counting error during all the experimental process equal to 10 fringes lost over a total amount of around 1500 fringes passing in front of the photodiode. These experimental uncertainties can induce a change in the refractive index equal to 6.7 × 10 −5 and 7.9 × 10 −5 for 532 nm and 633 nm, respectively. The experimental accuracy expected in the determination of the refractive index of water by our interferometric setup is thus better than 0.006%. The modelling of the refractive index versus pressure through Eq. (3) or Eq. (4) induces new errors. These errors can be estimated by determining the discrepancy between experimental and fitted curves found equal to 0.02% for the Bradley-Pitzer approach and 0.04% for the Sellmeier one. Therefore, experimental uncertainties are about 10 times smaller than the errors induced by the fitting models. Finally, the overall uncertainties in the determination of the refractive index of water equal 0.05% by using the Sellmeier formula (Eq. (5))and0.03%byusingtheBradley-Pitzerformula (Eq. (3) ). Thus, we can conclude that the two models are well adapted for the description of the room temperature refractive index of water as a function of the pressure in the light visible range. It would have been interesting to compare these two models also outside the visible spectrum. However, the extrapolated accuracy of our relationships in the ultraviolet (UV) and infrared (IR) ranges as are expected to be less good. On one hand, our measurements were done only in the visible range. On the other hand, earlier works on the water refractive index outside the visible range show generally an increased discrepancy between the fits and the refractive index measurements. However, the precise description of the water refractive index in the UV or IR ranges is outside the scope of the present work. To define the relationship between the density and the refractive index of water at different wavelengths, we first link the density to the pressure using the Tait equation in its modified form (Eq. (6)). It is worth noting that the original Tait equation in its inverted form gives an excellent representation of density data for liquids at pressures up to only 15 MPa. 12 For density measurements of liquids at higher pressures, it is better to use the modified Tait equation that greatly improves the fits. 18 The modified Tait equation for the density ρ of water is 7 ρ = ρ (P =Pini) + a 2 ln a 3 + P a 3 + P ini .
In Ref. 7,FlorianoandNascimentodeterminedprecisely the coefficient values a 2 and a 3 .T h ed e n s i t yv a l u e sc a l c ulated using the proposed method matches well those given in standard tables. 19, 20 Using Eq. (6) to relate density and pressure, and Eq. (5) or Eq. (3) to relate pressure and refractive index, one can determine the liquid density by a refractive index measurement. Therefore, the density of a static or flowing liquid can be determined with the help of a laser and an interferometric setup. This is done in Fig. 5 ,w h e r ew e have calculated the water density from the values of its refractive index for various wavelengths using Eqs. (3) and (6) .W e can observe that for a given density, the refractive index decreases with the wavelength of the probe laser beam. It is clear that the interferometric setup and the experimental method 0.98 1.00 constitute a non-intrusive, non-destructive sensor for both pressure and density measurements.
We have modelled the relationship between the density and the refractive index of water at room temperature. For that purpose, we have fitted the curves of Fig. 5 with various polynomials and other nonlinear equations. The best fits of our experimental data of the relative density for all curves are obtained with an exponential function of the refractive index n.Thebasicformulausedis
with a and b defined for each wavelength. By fitting our data through Eq. (7) for each wavelength, we obtain the two coefficients a and b.T h e i rb e h a v i o u ra sa function of the wavelength is plotted in Fig. 6 .T h eg r a p h s show that the evolution of these two coefficients follows a nonlinear dependence with the wavelength and this dependence can be described by a second-degree polynomial equation. As a consequence, the generalisation of Eq. (7) for the visible spectra range used in this study gives the density as follows:
d(λ,n) = a 2 λ 2 + a 1 λ + a 0 e (b 2 λ 2 +b 1 λ+b 0 )n .
The coefficients of Eq. (8) are given in Table II . With these coefficients, the maximal discrepancy among the model of Eq. (8),t h ee x p e r i m e n t a lv a l u e so ft h er e f r a ctive index, and the values of the relative density is equal to 0.19%.
Thanks to Eqs. (8), (3),a n d(5),a n dt h a n k st ot h ec oefficients of Table II ,i tb e c o m e se a s yt od e t e r m i n et h ed e nsity of static or flowing water using interferometry measurements. We want to underline some specific advantages of this method. The first advantage is that the density of the water can be obtained without the knowledge of the water pressure, as usually the case in industrial process. The second advantage is the high accuracy in the determination of the density changes expected with the proposed method. As we have further noticed, from a fix position of the fringe pattern at the output of the interferometric setup and at a given pressure (density), a change in the pattern observed by the photodiode is directly associated with a pressure (density) change. According to intrinsic characteristics of our experimental device, the difference between two bright (or two dark) fringes corresponds to achangeoftherelativedensityvalue, d equal to 6 × 10 −5 . Finally, another advantage is that the proposed method can be applied to determine in situ the pressure and the density of various liquids, such as mediums in petrochemistry, chemistry, and others liquids.
Based on a quite simple mathematical approach, the previous formulas of our model directly provide the link among refractive index, relative density, pressure, and wavelength. Nevertheless and as previously mentioned in the Introduction, the physical Lorentz-Lorenz formula introduces the concept of polarizability noted α.ThenormalformoftheLLformula can be written as
with n the refractive index, d the density, N A the Avogadro constant, and M the molar mass. Thanks to our refractive index measures and the density values, we can plot (see Fig. 7 )thepolarizabilityofwateras function of pressure for various wavelengths.
From the characteristics plotted in Fig. 7 ,onecandirectly obtain the porizability values of water under pressure up to 250 MPa. The polarizability values as a function of density and pressure at every 10 MPa are reported in Table III. The LL formula is mainly valid for pure organic liquid. 21 To improve the LL formula by another function of n, TABLE II. Coefficients of the Eq. (8) related to the relative density behaviour as a function of the refractive index of water at 23 • C in the visible spectra range. 
The difference between the LL and LO formulas exists only in the third term of the expansion of the Eqs. (9) and (10) in n − 1. 23 In our case, the calculated polarizability is 2.7-3% higher with LO than with LL.
V. C O N C L U S I O N
Using a special pipe tee within a Michelson interferometer, we have developed a simple and original device and a method for the in situ measurement of physical properties of static or flowing liquids under low-to-high pressure. We have applied the implemented method for the determination of the room temperature refractive index and the density of pure water from 250 MPa (2500 bars) to the atmospheric pressure at room temperature. From the interferometric measurements, the refractive index of the liquid under test can be directly calculated. We have determined the dispersion of the refractive index of water in the visible range for pressure up to 250 MPa. The pressure is then deduced either by a modified Bradley-Pitzer or a modified Sellmeier equation, both giving satisfactory accuracy in the pressure range we have studied. Using the modified Tait equation linking density to the pressure, we have established a simple relationship between the density and the refractive index. We have shown that a simple exponential law can easily fit this relationship. In order to propose an overall method for the visible spectrum, the correlation coefficients are given as function of the wavelength. Thanks to the Lorentz-Lorenz equation and from experimental results, we have determined the polarizability of water at room temperature and pressure up to 250 MPa. In this paper, we have shown that the three formulas, Bradley-Pitzer-Tait, Sellmeier, and Lorentz-Lorenz can be considered as equivalent formulas for the determination of the refractive index of water in the considered pressure range. Nevertheless, we have shown that only the pressure is needed to obtain the refractive index with Tait or Sellmeier equations with the same accuracy and without the necessary knowledge of other physical parameters such as either the polarizability or density that are currently needed in the LL equation. Finally, the interferometric method associated with the specific proposed setup presented in this paper can be considered as an accurate nonintrusive and non-perturbing pressure-density optical sensor for static or flowing liquid measurements.
